Ezerinskis, Z.; Hou, Xiaolin; Druteikiene, R.; Puzas, A. ; Sapolaite, J.; Gvozdaite, R.; Gudelis, A.; Buivydas, S.; Remeikis, V. Abstract Fifty five soil samples collected overall Lithuania in 2011 and 2012 were analyzed for 129 I, 137 Cs and Pu isotopes in order to investigate the level and distribution of artificial radioactivity in Lithuania.. The activity and atomic ratio of 238 Pu/ 239,240 Pu, 129 I/ 127 I and 131 I/ 137 Cs were used for identifying the origin of these radionuclides. The 238 Pu/ 239+240 Pu and 240 Pu/ 239 Pu ratios in the soil samples analyzed varied in range of 0.02 -0.18 and 0.18 -0.24, respectively, suggesting the global fallout as the major source of Pu in Lithuania. The values of 10 -9 to 10 -6 for 129 I/ 127 I atomic ratio revealed that the source of 129 I in Lithuania is global fallout in most cases though several sampling sites shows a possible impact of reprocessing releases. Estimated 129 I/ 131 I ratio in soil samples from the southern part of Lithuania shows negligible input of the Chernobyl fallout. No correlation of the 137 Cs and Pu isotopes with 129 I was observed, indicating their different sources terms. Results demonstrate uneven distribution of these radionuclides in the Lithuanian territory and several sources of contamination i.e. Chernobyl accident, reprocessing releases and global fallout.
Introduction
The activity and atomic ratios of long-lived radionuclides are useful parameters for identifying their origin because their values depend on the sources and generation processes [1] [2] [3] [4] [5] . Among them 129 I, 137 Cs, 238, 239, 240 Pu are the key radionuclides for prediction of the sources of radioactive contamination.
The activity ratio of Pu isotopes enables distinguishing the global fallout from nuclear weapons testing, the Chernobyl fallout or other sources [6] , [7] . Currently the 238 Pu/ 239,240 Pu activity ratio is not a precise tool to differentiate from one another the global fallout or unexploded weapons-grade Pu. Because the SNAP-9A satellite accident in 1964 and the Chernobyl accident in 1986 released, remarkable amounts of 238 Pu and emerged in the environment [4] . Differentiation of radioactive fallout from various sources has been investigated in ice cores [8] , sea water [9] , [10] atmosphere and soil [2, 4, 11] by means of the Pu isotope ratios. In general, it is theoretically estimated and confirmed by experimental measurement that 240 Pu/ 239 Pu atomic ratio of ~ 0.40 is due to the Chernobyl fallout [12] - [14] , the values from 0.03 to 0.18 represent the nuclear test global fallout [2] , [15] and the 240 Pu/ 239 Pu mass ratio of about 0.05-0.10 is in weapons-grade Pu [2] .
The ratio of fission and activation products 134, 135, 137 Cs varies significantly depending on the reactor and fuel type making it an important indicator of the source identification [16] . The half-life of cesium-137 is relatively short (30.1y), nevertheless it is still possible to use this radionuclide for identification of source of the contamination. The main source of this isotope in the environment were the Chernobyl accident and nuclear weapon testing [17] - [20] . The 239, 240 Pu/ 137 Cs activity ratio of 0.018 and 238 Pu/ 137 Cs activity ratio of 0.00068 the representative value of global fallout in soil were determined by Bunzl and Kracke in 1988 [21] . The 239, 240 Pu/ 137 Cs activity ratio of 0.12 to 0.28 was found in the marine and lake sediments as the source of global fallout [17] . The 239, 240 Pu/ 137 Cs activity ratio for the Chernobyl accident releases was observed to be 6.8 in the mushroom sampled in the 30km zone of the Chernobyl NPP [18] . Subsequent events such as the wild fire in the Chernobyl forest [22] are possibly secondary contamination source.
Iodine-129 is a naturally occurring long-lived radioisotope of iodine (15.7 My) formed by the cosmic ray reaction with Xe and fission of 238 U, [23] it is supposed that the stable 127 I in the atmosphere and biosphere are mainly originated from the releases of iodine from the sea [24] - [26] . The concentration of iodine-129 in the environment is low and the natural 129 I/ 127 I atomic ratios was theoretically estimated to be (0.04-3.0)×10 -12 , the measured value in the pre-nuclear marine sediment is 1.5×10 -12 [23] , [27] , [28] . [35] .
This work aims to distinguish the possible sources of radioactive contamination in Lithuania by measuring the activity concentrations of various radionuclides in the soil samples collected across the country. The additional data of 129 I are useful tool to obtain the new knowledge on the sources of contamination. For the first time 129 I was measured in the soil of Lithuania, which provide essential data for further application of these radionuclides for investigation of environmental process. Four measurements techniques were used: accelerated mass spectrometry (AMS) for 129 I, inductively coupled plasma mass spectrometry (ICP-MS) for 127 I, 239 Pu and 240 Pu, alpha spectrometry for 238 Pu, and 239, 240 Pu and gamma spectrometry for 137 Cs. For each measurement technique samples were prepared in a different way which are described below. added to the remained trap solution, and iodine was separated by solvent extraction using CHCl 3 after converting all iodine species to iodide using KHSO 3 at pH1-2 and oxidizing iodide to I 2 using NaNO 2 .
Material and method

Sample description, preparation and measurement technique
Determination Iodine isotopes
Extraction was repeated and organic phases were combined. Iodine in CHCl 3 phase was back extracted using 0.01 mol L -1 KHSO 3 , the separated iodine in iodide form was precipitated as AgI by addition of 1 ml of 1.0 mol L -1 AgNO 3 to the back extracted solution. AgI precipitate was separated by centrifuge and dried at 70 ˚C, then mixed with Nb powder and pressed into the copper holder. 129 I/ 127 I ratios in the prepared targets were measured by AMS using 3MV Tandem AMS system (HVEE) in Xi'an AMS center. I 5+ ions sputtered from the ion source were chosen for the measurement, where 127 I 5+ was measured as charges (current) using a Faraday cup and 129 I was measured using a gas ionization detector. All samples were measured for 6 cycles and 5 min per sample in each cycle. Procedure blank sample was prepared using the same procedure as the samples, and 129 I/ 127 I in the blanks were measured to be (2.2±0.3) ×10 -13 , which is 2 orders of magnitude lower than the samples. A detailed information about the procedure could be found in [38] , [39] .
Determination of Plutonium Isotopes
Plutonium was extracted by acid leaching from the soil matrix and purified using the anion-exchange (Bio-Rad AG-1×8 100-200 mesh, Bio Rad Company) method followed by the extraction chromatography technique. The analytical procedure has been reported elsewhere [40] . The purified plutonium sample was used to electrodeposit plutonium on stainless steel disks. The chemical yield of plutonium in separation procedures was monitored by measuring 242 Pu as a yield tracer. The ORTEC Octate-Plus ɑ-spectrometer with eight 600mm 2 detectors (resolution in the range of 25-27 keV; efficiency ~ 20%) was used to measure activity of 238 Pu and 239,240 Pu on the disk. The detection limit of 239+240 Pu for counting time of 90000 s was estimated to be about 10 mBq. After the measurements the disks were rinsed with ultrapure grade nitric conc. acid (Merck, Germany) the solution was diluted with 18.2 MΩ de-ionized water to 2 % w/w nitric acid. 239 Pu and 240 Pu in 2% HNO 3 solution were measured with the sector field inductively coupled plasma mass spectrometer (ELEMENT2, Thermo Fisher Scientific). For a better sensitivity and background performance the APEX (Elemental Scientific, USA) desolvation nebulizer was used. The detection limit for Pu Pu isotopes ( 239 Pu, 240 Pu) is estimated based on 3 times standard deviation of the blank to be 5×10 -14 g g -1 .
Determination of Cesium-137
Soil samples were prepared in plastic containers of the standard geometry for gamma spectrometry measurement. The reference standards with radionuclides ( 57 Co, 139 Ce, 113 Sn, 85 Sr, 137 Cs, 54 Mn and 65 Zn) free of the coincidence-summing effects were used for the efficiency calibration. The gamma spectrometer was equipped with the HPGe coaxial gamma-X-ray detector (GMX-series with a 0.5 mm thickness Be window) made by Ortec (USA). The relative efficiency of the detector was 33 %, the energy resolution at 1332.5 keV was 1.8 keV. All samples were counted for the fixed time of 50,000 s.
The detection limit for 137 Cs is 0.185 Bq. Additionally, activity concentrations of 40 K and 137 Cs were measured in the IAEA-TEL-2014-03 reference soil sample for analytical quality control.
Results and discussion
Distribution and sources of Iodine isotopes
The concentrations of 127 I and 129 I in soil collected across Lithuania in 2012 are given in Table 1 Sea water, as well as in the North Sea where even higher 129 I concentration was reported might be emitted to the atmosphere, and afterward deposited to the land. [5] , [34] , [41] , [42] . Predominant wind in Lithuania is mostly westwards, meaning that gaseous 129 I re-emitted from the Baltic Sea and North Sea can be transported from the Baltic Sea and deposit to the terrestrial system in Lithuania [36] , [43] .
A rather different distribution of 129 I in the meadow and forest soil was observed in present study.
This might be related to the composition of the upper layer soil as well as geographic circumstance. The relative higher 129 I concentration in meadow and forest soil might attributed to their better vegetation coverage of soil surface, atmospheric deposited iodine (dry deposited and washout of rainfall) can be better retained in the soil without significant loss by blowing out by wind or wash out by water flood in rain season. In forest soil, besides atmosphere deposition, degraded tree leaves absorbed 129 I from the atmosphere fall onto the soil surface might be extra source of 129 I in the soil, which make the 129 I concentration in forest soil higher than other soil type. Retention of the radionuclide in the soil layer depends on various factors, one of which is the organic matter content in soil [23] , [36] , [44] . The organic matter content in forest samples ranged from 9 to 89%, while in the meadow samples it ranged from 4 to 14%. Different concentrations of iodine in the forest and meadow soil could also be influenced For the samples collected in the other sites with distance to the Baltic Sea of more than 200 km, and remote from the INPP, a relative lower 129 I concentration ((4.7-22.6))×10 8 atoms g -1 ) and 129 I/ 127 I atomic ratios ((2.0-11.5) ×10 -8 ) were observed, which is similar to the 129 I/ 127 I ratio of (10 -9 -10 -8 ) in the environment considered as a representative ratio for nuclear weapons testing contribution in terrestrial areas [23] , [31] , [34] . Sea is responding to the increased 129 I level in these area, although the global fallout of 129 I from the nuclear weapons testing also has a significant contribution to the 129 I inventory in this area [34] , [48] . to their different sources. Our results do not show a significant correlation (Fig. 3) between 127 I and 129 I in all soil samples, this should result from the different sources of these two isotopes in the soils samples investigated in this work. reported that 127 I and 129 I undergo different sorption processes in the soil because of different histories of the two iodine isotopes ("old" and "modern") in the soil [23] . "Old" iodine is originated in the soils over a long time and had a 129 I/ 127 I ratio of ~ 10 -12 , while "modern" iodine after 1940 has increased the 129 I/ 127 I ratio by several orders of magnitude.
It is interesting to mention that we observe a negative correlation between 129 I and 137 Cs (R=-0.95) in forest soil, but no correlation if we consider all data (meadow and forest soil). This result suggest that the sources of these two isotopes is completely different. 129 The activity concentrations of plutonium isotopes ranged from 0.01 Bq kg -1 to 0. showing a significant impact of the Chernobyl NPP accident [50] . Following study of lakes sediments collected in 1999 revealed that up to 31% of plutonium was originated from the Chernobyl accident [51] [52] .
Another study of top-layer meadow soil samples collected all over Lithuania in 2008 showed less 239, 240 Pu activity concentration prevailing, namely within 0.10-0.40 Bq kg -1 [53] . All these studies indicates that the highest Chernobyl fallout was detected in the southern, south-eastern regions of Lithuania where the primary radioactive plume travelled [54] . 238 Pu/ 239,240 Pu activity ratios and 240 Pu/ 239 Pu atomic ratios did not show any significant difference in undisturbed meadow and forest soil samples while the concentrations of 239, 40 Pu isotopes and 137 Cs shows a strong correlation (Fig. 5 ), this might indicate their similar deposition pattern and similar behavior in environment. 137 Cs/ 239,240 Pu ratio was similar in both type of soil samples although 239, 240 Pu and 137 Cs concentrations were almost three times higher in forest than in the meadow soil ( Fig. 4) . Finland. An average 137 Cs activity concentration of 6.8±1.8 Bq kg -1 was measured before Chernobyl accident [55] . The highest deposition area in the Baltic States was northeastern part of Estonia with a 137 Cs deposition density of 550-720 Bq m -2 . After the Chernobyl accident 137 Cs activity concentration in the 0-20 cm arable soil increased to 6.7-28.5 Bq kg -1 [57] . 137 Cs measurement in the Baltic coast [58] pre-and post-Chernobyl showed a highly heterogeneous distribution of 137 [45] and observed that the most contaminated area was the south/southwestern part of Lithuania. According to the Chernobyl contamination level, Lithuanian territory was divided into two zones (zone I and zone II, Fig.1 [59] , [60] , which are shown in Fig. 7 (solid Range between the samples, km
Chernobyl derived 131 I and 129 I in 1986 can be reconstructed to be ~ 4.6 ×10 7 atoms g -1 for 129 I and ~ 2.5×10 6 atoms g -1 for 131 I. The concentration of 129 I in soil AMS10 (which contains the highest concentration of 137 Cs 250 Bq kg) was determined to be 4.72±0.07×10 8 atoms g -1 , which is one order of magnitude higher that than Chernobyl derived 129 I indicating a negligible contribution of Chernobyl accident to the 129 I inventory in Lithuania, meanwhile it also confirm the domination source of 129 I is either from the Baltic Sea and North Sea where received high marine discharges of 129 I from reprocessing plants, as well as the direct atmospheric releases from the two European reprocessing plants. Fig.7 . The estimated activity ratios of 131 I/ 137 Cs. Solid lines indicates the range of the Chernobyl derived ratio reported by [59] , [60] .
Conclusions
The level of key long-lived radionuclides 137 Cs, 129 No correlation between 137 Cs and 129 I isotopes in all soil samples suggest that the contamination source and the origin of these two isotopes are different. The data show that the concentration of 137 Cs 
